The pharmacokinetics of levofloxacin in serum and in skin blister fluid (SBF) was determined for 20 volunteers after a single 500-mg oral dose of levofloxacin. In addition, ex vivo bactericidal activity of SBF against Streptococcus pneumoniae and Staphylococcus aureus was studied. SBF containing levofloxacin and granulocytes killed 5.2 log of Streptococcus pneumoniae bacteria and 2.0 log of Staphylococcus aureus bacteria during a 6-h incubation.
as an active ingredient (Hoechst Marion Roussel). Each volunteer received a single oral dose of 500 mg of this commercially available drug.
Approval for this study was obtained from the Ethics Committee of the University Hospitals. Twenty healthy male and female volunteers participated in the study. Pregnant or lactating women were excluded. After having given written informed consent, the volunteers gave a full medical history and underwent a physical examination. Skin blisters were induced 14 h prior to medication by applying eight plasters (1 by 1 cm) impregnated with 0.2% cantharidin ointment (Adler Pharmacy, Alf an der Mosel, Germany) to the forearm of each volunteer as previously described (12) . Fourteen hours later, the plasters were removed. SBF was sampled by puncture of the blisters with a 22-gauge needle for ex vivo determination of the phagocytic-bactericidal activity against the test strain before (0 h) and at seven time points following (1, 2, 3, 5, 7, 9 , and 24 h) drug administration, as previously described (25) . The pharmacokinetic parameters were calculated from the serum and SBF samples of all 20 volunteers. In SBF from 10 subjects, the pharmacodynamic activity against Streptococcus pneumoniae was determined, while in SBF from the other 10 volunteers, that against Staphylococcus aureus was determined. One aliquot of the pooled SBF was analyzed without centrifugation, i.e., containing leukocytes, for the phagocytic-bactericidal assay ex vivo. A second aliquot was centrifuged at 12,000 ϫ g for 3 min at 4°C before incubation with the test strain. A third aliquot was stocked after centrifugation for the pharmacokinetic measurements. Eight milliliters of venous blood was collected from an indwelling catheter for determination of serum levofloxacin concentrations at the following time points in relation to the time of drug administration: before (0 h) and 15, 30, 60 min, 2, 3, 5, 7, 9, and 24 h following drug intake. Blood samples were collected in plain tubes (Vacutainers), immediately cooled on ice, and then centrifuged at 12,000 ϫ g for 3 min at 4°C. SBF samples were collected in Eppendorf tubes for determination of levofloxacin levels at the same time points as the blood samples, with the exception of the 15-and 30-min points. Serum and centrifuged SBF samples were stored in plastic tubes at Ϫ20°C until assayed.
Levofloxacin levels in serum and in SBF were determined by a validated agar diffusion microbioassay method, as previously used in our research laboratory. Escherichia coli V6311/65 (Hoechst Marion Roussel, Frankfurt am Main, Germany) was used as the test strain. The standard curve was performed in Hanks' balanced salt solution containing 40% decomplemented pooled serum. The curve was linear between 0.07 and 20 g/ml. The limit of sensitivity of the assay was 0.05 g/ml in both serum and SBF. The mean intra-and interassay coefficients of variation were less than 5%. Serum and SBF concentration-time data were analyzed using TopFit software (11) . The weighting function was determined as follows: g(y i ) ϭ 1/y i , in which g(y i ) is the weighted concentration and y i is the individual concentration as determined by the bioassay. The Akaike information criteria were used to discriminate among candidate models, and a two-compartment open distribution model was selected for the serum data. The zero-order absorption rate of levofloxacin into the serum compartment was assumed to be complete at the time to the peak concentration (C max ) (3, 4) . SBF concentration-time data were analyzed separately by a one-compartment distribution model with firstorder absorption. The area under the concentration-time curve from time zero to 24 h (AUC 0-24 ) was determined by the trapezoidal method. The area under the concentration-time curve from time zero to infinity (AUC 0-ϱ ) was calculated from the AUC 0-24 and extrapolated from the terminal log-linear phase to infinity. The degree of penetration into the inflammatory exudate was determined from the ratio of the AUC 0-ϱ of the SBF to that of the serum. Apparent oral clearance (CL/F) was determined by dividing the dose by the AUC 0-ϱ . The apparent volume of distribution (V area /F) was calculated by dividing the CL/F by the elimination constant.
From each volunteer, SBF samples from five different time points (time zero and 1, 2, 3, and 5 h following a single dose of levofloxacin) were tested either centrifuged (i.e., without leukocytes) or uncentrifuged (i.e., with leukocytes). The phagocytic-bactericidal assay was miniaturized to a final volume of 100 l, as previously described (12, 25) . A medium containing 40% pooled normal human serum, 40% phosphate-buffered saline, and 20% Mueller-Hinton broth supported growth without autolysis of Streptococcus pneumoniae for at least 6 h. Each test tube contained 90 l of medium or SBF and 10 l of bacterial inoculum (3 ϫ 10 5 Streptococcus pneumoniae CFU or 1.5 ϫ 10 5 Staphylococcus aureus CFU). At each time point, four different mixtures were incubated in Eppendorf tubes as follows: (i) 90 l of medium plus 10 l of bacterial inoculum as a growth control, (ii) 90 l of medium with the MBC of levofloxacin for Streptococcus pneumoniae and Staphylococcus aureus (1 and 0.3 g/ml, respectively) plus 10 l of bacterial inoculum as a drug control, (iii) 90 l of uncentrifuged (complete) SBF plus 10 l of bacterial inoculum to obtain a timekill curve with leukocytes, and (iv) 90 l of centrifuged SBF plus 10 l of bacterial inoculum to obtain a time-kill curve without leukocytes. These four mixtures were incubated at a 35°C angle on a rotator (250 rpm) at 37°C. Before and 1 and 6 h after inoculation, tubes were vortexed, and 10-l aliquots were sampled for quantitative culture after appropriate dilution in sterile water. Mean values and standard deviations (SD) are given for the demographic and pharmacokinetic data. The killing of test strains in SBF was compared by paired t tests.
The MIC and MBC of levofloxacin for Streptococcus pneumoniae were 0.5 and 1.0 g/ml, and for Staphylococcus aureus were 0.15 and 0.3 g/ml, respectively. Twenty healthy subjects ranging in age from 21 to 50 years were enrolled (mean Ϯ SD, 30.9 Ϯ 9.5 years). Their weights ranged from 50 to 93 kg (mean Ϯ SD, 70.5 Ϯ 12.4 kg), and heights ranged from 160 to 193 cm (mean Ϯ SD, 175 Ϯ 11 cm). All subjects completed the study, and no adverse events were reported. The pharmacokinetic parameters of levofloxacin in serum and in SBF are summarized in Table 1 . The mean elimination half-lives in serum and SBF were similar. Drug penetration into SBF was 124%. Figure 1A shows time-kill studies of Streptococcus pneumoniae and Staphylococcus aureus before and 5 h after intake of a 500 mg-tablet of levofloxacin. Each point corresponds to the mean value for all 10 volunteers in each study group. After 2 and 6 h of incubation, medium containing the MBC of levofloxacin showed 0.9-and 2.1-log killing of Streptococcus pneumoniae, respectively, and 0.5-and 1.6-log killing of Staphylococcus aureus, respectively. Centrifuged SBF (containing no PMN) drawn at the time of peak levofloxacin level in SBF showed 1.8-and 4.4-log killing of Streptococcus pneumoniae and 1.0-and 2.0-log killing of Staphylococcus aureus after 2 and 6 h of incubation, respectively. Killing of Streptococcus pneumoniae was further improved in the presence of PMN. However, no difference was observed in the killing of Staphylococcus aureus in the presence or absence of PMN. Figure 1B shows the killing of Streptococcus pneumoniae and Staphylococcus aureus, after 2 h of incubation, by uncentrifuged and centrifuged SBF harvested at different times after drug administration. It indicates the respective roles of the antimicrobial drug and the PMN in SBF. The killing of Streptococcus pneumoniae by levofloxacin in PMN-containing SBF samples was significantly better than that in centrifuged SBF samples (P Ͻ 0.05). In contrast, the killing of Staphylococcus aureus by levofloxacin was not improved in the presence of PMN at any time.
The pharmacokinetic profile of levofloxacin has been evaluated in several studies (3, 4, 14, 20) . Although levofloxacin accumulates minimally following a multiple-dose regimen, the pharmacokinetic parameters were not significantly different following the single-dose administration. Therefore, the pharmacokinetics of levofloxacin is predictable from the singledose data (9) . Further, it has been shown that a linear, twocompartment open model with first-order elimination best describes the disposition of levofloxacin. Our study confirms the rapid zero-order absorption of levofloxacin after oral administration (4). We showed that levofloxacin levels in serum and SBF exceeded the MICs for our test strains of Streptococcus pneumoniae and Staphylococcus aureus for 24 h following a single 500-mg oral dose. However, the killing activity of levofloxacin was shown to be best correlated with the ratio of its C max to the MIC for Staphylococcus aureus, and the AUC/MIC ratio may better correlate with microbiologic outcome when the C max /MIC ratio cannot be optimized (19) . It is therefore clinically also important (8) that the penetration of levofloxacin into SBF was excellent, at 124%. This is similar to that of ciprofloxacin (103%) (2), sparfloxacin (117%) (13), clinafloxacin (93%) (23) , and temafloxacin (105%) (17) and better than that of trovafloxacin (64%) (24) . The fraction of the drug which is available for antimicrobial killing is determined by the drug concentration and the protein binding at the site of infection. SBF contains two-thirds of the serum protein level, with an identical distribution of the different types of proteins (25) . Levofloxacin is only moderately bound by serum proteins (24 to 38%), and the degree of protein binding is not concentration dependent (5). In our study we used a microbiological assay measuring only the active fraction of the drug. This allowed a better comparison between the pharmacokinetic and pharmacodynamic analyses.
In the present study, we observed a strong and rapid bactericidal effect of levofloxacin against the investigated test strains. After a 6-h incubation, uncentrifuged SBF, containing levofloxacin and PMN, killed 5.2 log of Streptococcus pneumoniae bacteria and 2.0 log of Staphylococcus aureus bacteria. Part of the killing activity of SBF against Streptococcus pneumoniae was clearly due to the PMN, as shown by the improved killing by uncentrifuged SBF. In contrast, no additive killing effect of PMN with levofloxacin was observed in the killing of Staphylococcus aureus. This was unexpected, since the killing of Staphylococcus aureus in SBF not containing levofloxacin (predose sample) was identical to that of Streptococcus pneumoniae. This indicates that the improved killing of drug-damaged microorganisms by phagocytes occurred with Streptococcus pneumoniae but not with Staphylococcus aureus. This observation may explain why microorganisms persist during several days of adequate antimicrobial therapy in staphylococcal but not in pneumococcal infection (21) .
In conclusion, levofloxacin exhibited excellent penetration into inflammatory fluid. We showed its potent bactericidal activity in a miniaturized phagocytic-bactericidal assay, particularly against Streptococcus pneumoniae but also against Staphylococcus aureus.
(These data were presented in part at the 38th Interscience Conference on Antimicrobial Agents and Chemotherapy, San Diego, Calif., 24 to 27 September 1998, and the 39th Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, Calif., 26 to 29 September 1999.)
